M
OST GEOLOGIC AGENTS OF EROsion modify the land surface on a variety of spatial scales. Consequently, casual observation of topographic maps, or observations of landscapes from afar, suggest that landscapes are scale-independent ( Fig. 1) . Indeed, fractal analyses of landscape form have revived die hypothesis that there is no characteristic scale to the landscape and that finer and finer scales of dissection will be found upon closer and closer inspection (1) . In contrast, detailed topographic maps reveal that there is an interna] structure to the landscape expressed as ridges and valleys of finite size and that the scale of this limit to landscape dissection varies in different landscapes (Fig. 1 ). Gilbert (2) first recognized the apparent finite extent to landscape dissection, and Horton (3) proposed that this dissection proceeds until hillslope lengths are everywhere just shorter than that which could generate sufficient overland flow to initiate surface erosion and, consequendy, channelization. Subscquendy, several workers have proposed models to explain channelization and landscape development on the basis of thresholds of erosion (3) (4) (5) (6) . An alternative theory for finite dissection, first proposed by Smith and Bretherton (7) , states that hillslopes are unstable to lateral perturbations in which advective (8) dominates diffusive sediment transport (9) . A channelization threshold, however, has not been shown to distinguish hillslopes from valleys in a real rather than a model landscape. We present field data that demonstrate that drainage basins tend to be geometrically similar (contributing to a scale-independent landscape appearance) but that finite dissection of the landscape corresponds to the lower bound of an empirically determined topographic threshold for channelization. Fig. 1 . Without a scale bar it is almost impossible to determine even the approximate scale of a topographic map. The upper two maps show adjacent drainage basins in die Oregon Coast Range and illustrate die effect of depicting an area of similar topography at different scales, The map on the right covers an area four times as large as, and has twice the contour interval of, the map on the left. The lower two maps depict very different landscapes, and detailed mapping was done to resolve the finest scale vallevs, which determine the extent, or scale, of landscape dissection. The map on the left shows a portion of a small badlands area at Perth Aniboy, New Jersey (28) (scale bar represents 2 m; contour interval is 0.3 m).
The map on die right shows a portion of the San Gabriel Mountains of southern California (20) (scale bar represents 100 m; contour interval is 15m). Dashed lines on both lower maps represent the limit of original mapping. The drainage basin oudet on each map is oriented toward the bottom of the page. All four maps suggest a limit to landscape dissection, defined by the size of the hillslopes separating valleys. This apparent limit, however, only corresponds to the extent of valley dissection definable in the field for the case of the lower two maps.
We collected data from small drainage basins in a variety of geologic settings that represent a range in climate and vegetation (4, 5) . We measured the drainage area (A), basin length (L), and local slope (S) for locations in convergent topography along low-order channel networks, at channel heads, and along unchaiineled valleys in drainage basins where we had mapped the channel networks in the field (4, 5) . Drainage area was defined as the area upslope of the measurement location, basin length was defined as the length along the main valley axis to die drainage divide, and local slope was measured in the field. The structural relation of drainage area to basin length (10) for our composite data set is (1) where L and A are expressed in meters. This relation is well approximated by the simple, isometric relation L = (3/l) 05 (2) Inclusion of reported drainage area and mainstream length data from larger networks (11) (12) (13) (14) (15) provides a composite data set that also is reasonably fit (5) by this relation. The data span a range of more than 11 orders of magnitude in basin area, from unchanneled hillside depressions to the world's largest rivers (Fig. 2) . This relation suggests that there is a basic geometric similarity between drainage basins and the smaller basins contained within them that holds down to the finest scale to which the landscape is dissected (Fig. 3) . In the field this scale is easily recognized as Fig. 3 . The coherence of die data in Fig. 2 across 11 orders of magnitude indicates a geometric similarity between small drainage basins and the larger drainage basins that contain them. Although the variance about the trend in Fig. 2 indicates a range in individual basin shapes, this general relation apparendy characterizes die landscape down to the finest scale of convergent topography.
that of the topographically divergent ridges that separate these fine-scale valleys.
Equation 1 differs, however, from the relation between the mainstream length and drainage area first reported by Hack (11) , in which basin area increases as L 06 .
Many subsequent workers interpreted similar relations as indicating that drainage network planform geometry changes with increasing scale. Relations between mainstream length and drainage area also have been used to infer the fractal dimension of individual channels and channel networks (1, 16) . Mueller (15) , however, reported that the exponent in the relation of mainstream length to drainage area is not constant, but decreases from 0.6 to -0.5 with increasing network size, and Hack (11) noted that the exponent in this relation varies for individual drainage networks. We cannot compare our data more quantitatively with those reported by others because the mainstream length will diverge from the basin length in proportion to the area upslope of the stream head. We suspect that the difference in the relations derived from our data and those reported previously reflects variation in the headward extent of the stream network depicted on maps of varying scale (17) as well as downstream variations in both channel sinuosity (14) and drainage density (18) . The general scale independence indicated in Fig. 2 suggests that landscape dissection results in an integrated network of valleys that capture geometrically similar drainage basins at scales ranging from the largest rivers to the finest scale valleys. Within this scale range there appears to be little inherent to the channel network and to the corresponding shape of the drainage area it captures that provides reference to an absolute scale.
Nonetheless, field studies in semiarid to humid regions demonstrate that there is a finite extent to the branching channel network (4, 5, (19) (20) (21) (22) . Channels do not occupy the entire landscape; rather, they typically begin at the foot of an unchanneled valley. initiation models predict that the form of this transition will reflect different channel initiation processes (5) . The central tendency (black line) will reflect the general environmental controls on channel initiation (for example, climate and vegetation). The variance about this relation (shading) is controlled by spatial and short-term temporal variability in the factors influencing these processes (4, 5) . and the location of the channel head shifts in response to climatic and land-use changes (4, 5, 22) . In landscapes where deep-seated landsliding and dissolution processes are minor geomorphic agents, valleys are formed by concentrated runoff and erosion in channels and (in steeper valleys) by the periodic scour of debris flows. The intervening hillslopes are shaped by diffusive sediment transport processes (for example, soil creep, rain splash, and biological activity). Field data indicate that the scale of landscape dissection and the limit to the scale-independent geometry suggested in Fig. 2 reflect the transition from sediment transport by hillslope to channel processes.
Our data from three study areas in the Coast Ranges of the western United States (Fig. 4) show that an inverse relation between the drainage area contributing to a channel head (source area) and the local vallev slope (4, 5) defines ,i topographic threshold between channeled and unchanneled regions of the landscape (23) . The observed inverse relations exhibit forms expected from threshold-based channel initiation dieories for landsliding (4, 21) (Fig.  4A ) and overland flow (5) (Fig. 4, B and C ). These data demonstrate that channel heads lie at a transition between channeled and unchanneled portions of the landscape but that for any given slope the source-area sizemay vary by as much as an order of magnitude. This scatter probably arises from both spatial and temporal variation in the hydrologic and erosional processes governing channel initiation and should introduce considerable variation into channel and valley development, thus contributing a random aspect to the appearance of many landscapes.
An empirical test for a relation among topographic thresholds, channel initiation, and the degree of landscape dissection would be to sec if this threshold also leads to a lower bound to valley development. The relation between channel initiation and landscape dissection is difficult to study empirically because climatic and land-use shifts have affected the current location of the channel head in most places, and it is difficult to demonstrate equilibrium. In some areas, however, it is possible to argue for a linkage between contemporary channel head locations and landscape dissection. For example, the channel network in the Tennessee Valley area in Marin County, California (the area represented in Fig. 4B ), was aggrading throughout the Holocene (5), which was drier than the glacial climate in this region (24). Recent channel advance due to cattle grazing in the last 150 years (5) has compensated somewhat for the climatically driven Holocene retraction of the chan-,S2S ncl network. Nearly all channel heads are downslopc of a single unchanneled valley rather than downslopc of an extensive network of unchanneled valleys. Consequently, we speculate that the channel head locations in this area approximate a condition of contributing slope and drainage area of long-term gcomorphic significance.
To test the threshold hypothesis for landscape dissection at this study site, we determined a relation for the upper and lower range of channel heads in Fig. 4B , used a digital terrain model (25) to define die upslope drainage area and ground slope for roughly 20-m 2 elements of a 1.2-km 2 basin, and then plotted the spatial distribution of elements lying well below, close to, within, and above the data range for channel heads. Upper and lower bounds to the range in channel head locations are defined by the relations
The digital terrain model was used to divide the modeled land surface into discrete elements by drawing the equivalent of flow lines across the contours from valley bottoms to drainage divides at a specified interval. Because measured elevation points are distributed at an ~10-m spacing (26), we selected 20 m as a reasonably small interval for the flow lines. This resulted in 5632 individual elements, defined by a pair of contour lines on the upslope and downslopc sides of the element and a stream line on each lateral boundary. In order to minimize the effect of element size on the analysis, we divided the areas in Eqs. 3 and 4 by 20 m and used the resulting relations to analyze topographic threshold patterns relative to the extent of the valley network:
where A/b is the drainage area per unit contour length. The analysis showed that the entire channel network and nearly all of the unchanneled valleys (areas of concave contours above and tributary to the channeled valleys) lie either within or above the channel head threshold range (Fig. 5) . The hillslopes bordering the channels, and lying at the heads of unchanneled valleys, are consistently just below the topographic threshold (27). Field inspection indicates that although some fine-scale valleys are not represented in the topographic map of Fig. 5 , diese valleys lie either within, or very close to, areas predicted to be within the variance for channel head locations. The ridge lines are well below this threshold everywhere. We interpret the relations shown in Fig. 5 as strong evidence that the topographic conditions setting the threshold to channelization also define the limit of valley dissection and, consequendy, the hillslope length.
Although our results support the threshold hypothesis of landscape development, they do not refute the alternative model for dissection limitation originally set forth by Smith and Bretherton (7) . They proposed that landscape dissection proceeds until the hillslopes are dominated everywhere by diffusive sediment-transport processes, which result in convex slope profiles that are stable to random topographic perturbations that would grow into valleys. Their model predicts that concave topography will be unstable to even infinitesimal perturbations, and only recently (8) has progress been made in understanding quantitatively what sets finite amplitude perturbations. Although the Smith and Bretherton hypothesis suggests that the transition from unchanneled to channeled portions of the landscape should correspond to the convex to concave transition downslopc along a hillslope profile, further development of this theory is needed to guide field tests of this hypothesis. A similar transition, however, would likely form from variation in channel head locations along valleys in response to changes in the factors controlling the threshold of channelization.
A threshold-based limit to landscape dissection links the development of channel networks, valleys, and hillslopes and implies that there is a hysteresis in the response of a landscape to changes in the factors influencing channel initiation. This hysteresis, in part, makes testing of this hypothesis difficult. If climate change or land disturbance decreases the drainage area necessary to initiate a channel, then expansion of the channel network into unchanneled valleys and incision into hillsides will result. In contrast, an increase in die drainage area necessary to sustain a channel will result in local infilling of valley heads and the development of dry valleys, or hollows, only at the upslope ends of the channel network. Furthermore, channels or rills may be carved into unchanneled valleys and hillslopes relatively quickly when the threshold for channel initiation is decreased, but significant time may be required to infill valleys when the threshold for channel initiation increases. Such a time lag between process and form reflects the relative magnitude of processes acting to round and incise the landscape. Because these processes may change faster than the landscape can respond, an equilibrium condition will most likely never be strictly achieved in natural landscapes. Consequently, our results point to the need to locus on processes controlling the location of the channel head for both practical problems, such as predicting landscape response to urbanization, agricultural practices, and climate change, and the theoretical problems of predicting landscape morphology and evolution. channels and unchannclcd valleys, as well as from channel heads, these plots demonstrate that channel head locations define a threshold transition between channeled and unchannclcd regions of the landscape. See (4) McKcan, R. Bauer, in preparation. 27. The lower limit to the range selected to illustrate areas just below the threshold zone in Fig. 5 is arbitrary. The range depicted was selected to illustrate that areas marginally below the channelization threshold range essentially surround areas of convergent topography. These zones expand upslopc if a wider range in values is used and contract toward the margins of the channel network if a more restrictive range is adopted. Some of the areas depicted as in the transition zone are steep areas underlain by thin soil profiles or areas of bedrock outcrop in which the processes influencing channel initiation differ from the rest of the soil-manded drainage basin. In general, however, the transition zones should define those parts of the landscape most sensitive to environmental change, an interpretation supported by a close correspondence with the extent of Holocene valley fills. 28. S. A. Schumm, GeoL Soc. Am. Bull. 67, 597 (1956 
